Several rotorcraft applications such as circulation control and tip jet-driven rotors involve internal spanwise flow along a ducted rotor blade. The primary goal of this work was to study a self-pumping pneumatically driven duct flow by both generating a quasi one-dimensional model for such flows and providing a validation data set for rotorcraft applications. 
Introduction
Understanding the flow inside a rotating duct is central to rotorcraft applications involving circulation control rotor blades (Refs. 1, 2), tip jet-driven rotors (Refs. 3, 4) , pneumatically powered on-blade actuators (Refs. 5, 6) , and tip vortex control (Ref. 7) . This internal flow is subjected to centrifugal and Coriolis accelerations, as well as time-varying boundary conditions. For example, a valve in the rotor hub or blade root (Ref. can be used to vary the mass flow rate entering the duct inlet as a function of azimuth. At the outlet, interaction of the internal flow with the external cross-flow results in a time-varying outlet pressure. Knowledge of these boundary conditions is key in modeling the flow through the duct. In addition to the primary spanwise internal flow, Coriolis acceleration results in secondary chordwise flows. Although these flow features can be calculated using computational fluid dynamics (CFD), experimental measurements are essential for verification.
One of the earliest efforts to experimentally study the steady-state flow inside a rotating duct was made by Ito and Nanbu (Ref. 8) . A 1.22-m-long duct filled with water was spun up to 450 revolutions per minute (RPM), and internal velocity measurements were made for different rotational rates. An estimate for friction factor was obtained by fitting a curve to the experimental data for both laminar and turbulent flows. Moore (Ref. 9) obtained experimental measurements on fully developed turbulent flows inside rectangular rotating ducts and estimated the effects of secondary flow characteristics and pressure head loss due to friction. Szefi et al. (Ref. 5) conducted experiments on centrifugally pumped pneumatic on-blade actuators on a full-scale rotor blade (7.3-m-radius rotor at 280 RPM). Pressure was measured at two spanwise locations and was correlated with analytical predictions where the pressure at the duct exit was assumed to be equal to the difference of ambient and dynamic pressure at the rotor tip. Drury et al. (Ref. 6) extended this concept to the development of a full-scale centrifugally powered pneumatic deicing system. Significant savings in power and weight, as compared to a traditional electrothermal deicing systems, were observed.
There has been considerable research on the simulation of the internal flow in rotating ducts. High-fidelity CFD models such as Reynolds-averaged Navier-Stokes (RANS) or direct numerical simulation have been used to simulate turbulent rotating channel flows (Refs. [10] [11] [12] . The primary focus of these studies was to explore the evolution of secondary flow due to Coriolis acceleration, inside a duct under steady rotation. An estimate of an effective friction factor due to the interaction of secondary flow with the main flow was obtained numerically (Refs. 13, 14) . However, only steady flows at low rotational rates were considered for these studies.
Although CFD models can accurately capture the internal flow features as well as interaction with the external flow, these models are computationally expensive and are not suited for a preliminary design cycle. Some researchers have developed lower fidelity models to simulate the internal flow. Williams (Ref. 15) solved the steady Navier-Stokes equations inside a rotating duct. Henry (Ref. 16 ) derived one-dimensional (1D), compressible, steady equations for flow inside a rotating duct and calculated the spanwise variation of Mach number. Watkins and Reader (Refs. 17, 18) solved the 1D unsteady Navier-Stokes equations in a rotating duct and validated the results with experiments on a nonrotating ducted blade with pumped spanwise flow. However, owing to the nondimensionalization of the equations by duct cross-sectional area, a closed valve inside the duct (with zero cross-sectional area) could not be modeled. Karpatne and Sirohi (Ref. 19 ) developed a quasi 1D (Q1D) numerical model of the unsteady compressible flow through a centrifugally pumped rotor blade with time-varying inlet area. This model can account for a fully closed valve and can calculate the torque required to spin the blade with a given internal mass flow rate.
A drawback of the lower fidelity models is that the boundary conditions must be specified a priori. However, experimental data that include the complex interaction of the internal and external flow are lacking in the literature. This paper describes experiments on a rotating duct in which the internal static pressures and mass flow rates resulting from centrifugal pumping are measured as a function of rotational speed. These data are used to specify the boundary conditions and validate the Q1D model developed in previous work (Ref. 19 ).
Experimental Setup
Experiments were conducted on an aluminum pipe simulating a ducted rotor blade, rotating about one of its ends at speeds up to 1050 RPM. Internal flow through the duct was established purely due to centrifugal pumping. The goal of the experiments was to measure internal pressure and velocity, hub forces, and torque due to internal flow. The setup was designed to explore the effects of different inlet and outlet configurations, including an inlet valve with time-varying area.
Rotating duct test article
The test article consists of an aluminum pipe mounted at its midpoint on a rotor hub. The hub is attached to a six-component, strain gaugebased load cell on a rotating shaft (Fig. 1) driven by a hydraulic motor. One half of the pipe is sealed (no internal flow passage), whereas the other half serves as the rotating duct with internal flow sustained purely due to centrifugal pumping. The length of the rotating duct, i.e., the rotor radius R is 1.32 m and the internal diameter is 52 mm. The duct is instrumented with four miniature pressure transducers (Kulite LL-072) to measure the internal wall static pressure at four spanwise locations (0.25R, 0.5R, 0.75R, and 0.97R). A close-up sectional view of the pressure transducer installation is shown in Fig. 2 . Each transducer (6 mm × 1.8 mm × 1.2 mm) is housed in a holder that is bonded to a cavity in the aluminum tube. A hole in the bottom of the cavity (0.6-mm diameter) communicates with the internal surface of the pipe and acts as a static pressure port. The transducers are based on a piezoresistive four-arm Wheatstone bridge and have a sensing range of 0-172 kPa (0-25 psi) absolute with a combined nonlinearity, hysteresis, and repeatability of ± 0.172 kPa BFSL (best fit straight line). The holder orients the transducer such that the sensing diaphragm is parallel to the plane of rotation of the test article.
Inlet valve
A mechanical valve that opens and closes once per revolution is used to simulate a time-varying inlet area. Air enters the duct through the bell-mouth inlet (Fig. 3) that is attached to a nonrotating plate. As the hub rotates, a circular cutout on the nonrotating plate intersects with a rectangular opening on the rotating hub such that the effective inlet area to the duct varies as a function of time.
An elbow-shaped flow insert transitions the flow from the rectangular inlet shape through a 90-deg bend to the internal rotating duct shape. The insert and bell-mouth inlet were designed to minimize the pressure head loss due to flow turning in the steady, fully open configuration. Figure 4 shows the top view of the assembly without the bell-mouth inlet. In this configuration, the valve is fully open as the circular cutout on the nonrotating plate is in contact with the rectangular slot corners on the hub. The size of the rectangular slot is chosen such that the inlet area (when fully open) is the same as duct cross-sectional area (2.16 × 10 −3 m 2 ). As the duct rotates, the intersection of the two openings produces an area profile that approximates a half-sine wave with a period of one revolution. This is shown in Fig. 5 , where the inlet area is plotted as a function of rotor azimuth, simulating a valve that is open over half a rotor revolution.
Mass air flow sensor
A pitot rake was designed to measure the velocity of air entering the inlet, from which the mass air flow is calculated using isentropic flow relations. The rake consists of three total pressure probes at three locations (0.33D, 0.5D, and 0.66D, where D is the internal diameter of the inlet) along a diameter of the inlet. These locations were chosen such that their average total pressure corresponds to the total pressure at the center of the inlet. The total pressure probes are bonded to an aluminum plate for support and attached to a holder that is fixed to the wall of the inlet. A schematic of the mass air flow sensor is shown in Fig. 6 .
A reference wall static pressure port is located in the same plane as the total pressure probes. A differential pressure sensor (Endevco 8507C-1; pressure range 0-6895 Pa, combined nonlinearity, hysteresis and repeatability within ±103 Pa) is placed inside the holder at the base of the pitot rake to measure the pressure difference between total and static port. The tubing between the total and static ports as well as the bellmouth inlet itself has an acoustic response function that could potentially corrupt the differential pressure measurements. The acoustic frequencies were measured using speaker excitation in an anechoic environment to be above 300 Hz, an unwanted component of the unsteady pressure signal. As such the mass flow sensor data were low pass filtered to ignore the acoustic response while keeping the first 20 rotor harmonics at 1050 RPM (further discussed in the section Signal Filtering).
Load cell
The rotor hub is mounted on a six-axis, strain gauge-based load cell (ATI Omega 160) that can measure forces and moments in the rotating frame, specifically, spanwise (F X ) and chordwise (F y ) forces, and torque about the hub center. The load cell is factory calibrated for steady loads with thrust and torque resolution of 0.75 N and 0.025 Nm, respectively, and typical accuracy of ±3 N and ±0.24 Nm. The sensing range of the load cell is 0-6250 N for spanwise and chordwise forces, and 0-400 Nm for torque about the center of rotation.
Data acquisition
Power supply, amplification, and signal conditioning of all the pressure transducers are performed by a battery-powered electronic board located on the rotor hub. Load cell amplification and signal conditioning is performed by on-board electronics supplied by the manufacturer. A 12 channel slip ring transfers output voltages from the rotating frame to a stationary NI-DAQ system. Two PXI-6358 simultaneously sampled data acquisition boards are used to acquire data, and a LabView virtual instrument is used for data processing and visualization.
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Test procedure and data processing Two types of experiments were performed: steady flow and unsteady flow. For the steady flow experiments, the nonrotating plate assembly was removed and the bell-mouth inlet was attached to the rotor hub so that there was no valve at the inlet. Different boundary conditions were tested by sealing the inlet and/or the outlet of the duct: closed inletopen outlet, open inlet-closed outlet, and open inlet-open outlet. For the unsteady flow experiments, the nonrotating plate assembly was installed and the outlet was kept open to measure the unsteady flow through the duct. Before each set of experiments, the rotor was balanced to within 0.001 kg-m in the spanwise direction by placing the entire rotating pipe and hub assembly on a knife edge.
For each data point, the rotor was spun up to a steady rotational speed and the output of the pressure transducers, load cell, and mass air flow sensor were recorded at a sampling frequency of 30 kHz over 100 revolutions. For the steady flow experiments, an average over the entire set of data collected was used to obtain the mean data, whereas for the unsteady flow experiments, a 1/rev trigger on the rotor shaft was used to phase-average the data over the 100 revolutions. During these experiments, rotational speeds where the vortex shedding frequency of the duct equals the first flap frequency of the rotating duct were avoided. Based on a Strouhal number of 0.2 and the first flap frequency of the duct, this speed corresponded to 120 RPM. Therefore, in each set of experiments, the rotor was quickly spun past this speed to reach the test conditions. Owing to the torque limit on the load cell, tests were performed up to a maximum rotational speed of 1050 RPM. Special procedures were required to correct for the effect of centrifugal acceleration on the pressure transducers and acoustic resonances on the mass air flow sensor.
Centrifugal correction. The static pressure transducers are affected by centrifugal acceleration acting on the sensing diaphragm. The manufacturer specifies a sensitivity factor for centrifugal acceleration applied perpendicular to the sensing diaphragm; however, in the present experimental setup, the sensing diaphragm is aligned with the centrifugal acceleration. Therefore, it is important to accurately measure and apply a centrifugal correction for the present installation, especially because this correction is on the same order of magnitude as the expected change in static pressure.
A separate experiment was devised to measure the centrifugal correction. A Kulite pressure transducer was embedded at the tip of a 0.87-m-long rotor blade ( Fig. 7(a) ) in an orientation identical to that of the rotating duct experiments. The pressure transducer was mounted chordwise with its sensing diaphragm parallel to the rotor plane, inside a partially evacuated sealed chamber (internal pressure ∼1.5 kPa absolute). A counterweight was used for mass balance, and signal conditioning was performed in the rotating frame. The rotor was spun up and held at a steady rotational speed. The air flowing over the outer surface of the pressure transducer chamber created a small increase in temperature that resulted in an increase in pressure inside the chamber. The output of the pressure transducer was recorded at steady state, i.e., no further increase in temperature and pressure. The rotor was then quickly brought to rest, and the output of the pressure transducer was again recorded. The difference between these two measurements yielded the effect of centrifugal acceleration on the pressure transducer output.
The measured pressure rise due to centrifugal acceleration is shown in Fig. 7 (b). A linear trend was fitted to this data (regression coefficient R 2 = 0.97), and the slope (CF m = 5.2 × 10 −5 kPa/g) is used to correct for the measured pressure using the relation
Centrifugal acceleration, g where the measured pressure (output of the pressure transducer) is P m , the corrected pressure (actual pressure) is P c , rotational speed is , radial location of the pressure transducer is x, and g = 9.81 m/s 2 is the acceleration due to gravity. In comparison, the manufacturer-specified centrifugal correction factor for centrifugal acceleration perpendicular to the sensing diaphragm is 8.62 ×10 −4 kPa/g, which, as expected, is an order of magnitude higher than in the present orientation.
Signal filtering. For each set of experiments, the static pressure transducer measurements are collected and postprocessed with the centrifugal correction factor corresponding to their radial locations. Owing to their very high natural frequency and short static pressure ports, these measurements do not require any filtering. The differential pressure transducer used in the mass flow sensor, however, was found to be much more sensitive to the acoustic response function of the bell-mouth inlet and the tubing between the total and static pressure ports. Figure 8(a) shows the Fourier transform of the output of the differential pressure transducer in an unsteady test at 1050 RPM. Large peaks are present at multiples of 17.5 Hz, which corresponds to the duct rotational frequency. In addition, there are several small peaks in the range of 300-1000 Hz, which correspond to the acoustic natural frequency of the pressure tubing system and bell-mouth inlet as determined experimentally via speaker excitation in an anechoic environment. Therefore, a second-order low-pass Butterworth filter, with a cutoff frequency of 300 Hz is applied to the differential pressure transducer measurements to eliminate the contamination from acoustic response of the tubing and bell mouth. The unfiltered and filtered differential pressure waveforms are compared in Fig. 8(b) . Calculation of mass flow rate. The differential pressure from the mass air flow sensor is converted to velocity assuming isentropic flow conditions at the inlet (from stagnation conditions). Four equations (isentropic pressure relation, stagnation temperature relation, differential pressure information, and ideal gas law) are used to obtain the local flow properties as follows:
Here, P atm and T atm correspond to atmospheric pressure and temperature, P s is static pressure inside the inlet (reference side of differential pressure sensor), T s and ρ s are the static temperature, density at the pitot probe location, C p is specific heat capacity of air at constant pressure, R is the gas constant, γ is the ratio of specific heats for air, P is the measured differential pressure, and v is the internal flow velocity. Upon solving these four equations, P s , T s , ρ s , and v are obtained. Based on the inlet cross-sectional area, flow velocity, and density, the total mass flow rate into the duct is calculated.
Uncertainty analysis. The expected error was calculated for (1) scatter between test runs, (2) electrical noise in the instrumentation circuits, and (3) nonlinearity/hysteresis in the transducers. For the steady flow experiments, the scatter between test runs was calculated as the standard deviation of the means of the measurements. For the unsteady flow experiments, the scatter was calculated based on the difference in measurements from the phase-averaged waveform (averaged over 100 rotor revolutions) at a given azimuth. Excepting the case of the differential pressure from the mass air flow sensor, the scatter was found to be the dominant source of error in all measurements and is shown as the error bar in the plots below. For the steady experiments, the maximum scatter of 0.204 kPa occurred in the closed inlet-open outlet case. For the differential pressure from the mass air flow sensor, electrical noise resulted in an uncertainty band around zero mass flow. Based on the standard deviation of electrical noise in the instrumentation circuit, the uncertainty band was calculated by propagating the error through Eqs. (2) . For mass flow rates above this uncertainty band, the error is shown as the scatter between phase-averaged mass flow rate waveforms.
Numerical Models
Two numerical models were used to calculate the flow through the rotating duct. The first model was based on solution of Q1D Euler equations along the duct, and the second model was a three-dimensional (3D), full CFD solver. The low-fidelity Q1D solver is well suited to preliminary design cycles, whereas the high-fidelity CFD model can be used for detailed analysis of losses and flow boundary conditions.
Q1D model
A Q1D numerical model was developed to calculate the flow through the rotating duct. A brief description of this model follows, and a detailed description can be found in Ref. 19 . The model solves the Q1D Euler equations in the rotating frame of reference and can capture the effects of centrifugal and Coriolis acceleration, duct friction, duct sweep, and a time-varying duct cross-sectional area due to a flow control valve. The term "quasi" implies that the formulation of the Euler equations is in two dimensions, but the duct is discretized into finite volumes only along its span (1D). Figure 9 is a schematic of a rotating duct showing the discretization.
The duct consists of a straight section, a transitional section, and a swept section to represent the geometry of a typical modern helicopter rotor blade. In the reference frame (x − y as shown in the figure) rotating at a speed of rad/s, the velocity of a fluid element of mass dm is u and v. The conservative form of the continuity, momentum, and energy 
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equations in the rotating reference frame is
where U is a vector of conservative variables, F and G are the fluxes in the x and y directions, respectively, and Q contains all the forcing/source terms arising from the motion of the noninertial x − y frame. These vectors are
Here, E * is the total energy (Ref. 20) of the system, given by
where e is the internal energy per unit mass of the system and r x and r y are the positions of the cell centers in the x and y directions, respectively. The model utilizes a finite volume approach; the duct is discretized into elements, and Eq. (3) is solved at the element centers (i − 1, i, i + 1 in Fig. 9 ). The forcing vector Q is calculated at the element centers, and the fluxes F and G are calculated at the element faces using the AUSM (Advection Upstream Splitting Method) scheme, described by Liou and Steffen (Ref. 21) . Additionally, a thermal diffusion term is calculated by computing the temperature gradient across each cell face. Note that for 1D discretization, the fluxes do not include the effect of viscosity, which is handled separately by incorporating duct friction using the Fanning friction factor based on the geometry of duct, the Reynolds number, and Churchill's approximation for turbulent flow (Ref. 22) . The flow control valve is simulated by changing the cross-sectional area of an element face at the valve location as a function of time. The most important aspect of this numerical model is related to the setting of the appropriate boundary conditions at the duct inlet and outlet. A combination of isentropic flow theory and Riemann invariants is applied to obtain the necessary conditions. For a closed inlet or outlet, the velocity is set as zero. For an open inlet or outlet, in the subsonic case, the pressure and temperature are specified. While the inlet conditions can be assumed to be equal to the ambient stagnation conditions, the outlet conditions are rendered complicated by the interaction with the internal duct flow and the external cross-flow. Therefore, the outlet conditions must be specified either by high-fidelity CFD models or by experimental measurements. The Q1D model is run for each operating condition by first choosing initial conditions equal to the ambient atmospheric conditions. The duct is then instantaneously given a desired angular velocity, and the flow is allowed to evolve inside the duct. An explicit fourth-order Runge-Kutta scheme is used to calculate the U vector at each time step.
Three-dimensional full CFD
The 3D full CFD solutions were obtained using United Technologies Generic Compressible Airflow Solver (UT-GENCAS), a structured grid RANS solver developed at Georgia Tech (Ref. 23 ) and further modified at the United Technologies Research Center (UTRC). The solver uses a second-order dual-time stepping method with a multigrid scheme for accelerated convergence. Spatial derivatives used Roe's finite difference scheme (FDS) with third-order MUSCL. Turbulence closure was achieved by two-equation kinetic eddy simulation (KES) (Ref. 24) . Figure 10 shows the computational grid consisting of the duct and bell-mouth domains. Only the flowing half of the duct was modeled in CFD. The external domain consisted of a quarter circle surrounding the duct with far-field characteristic-based in/outflow boundary conditions applied at the outer surfaces. The duct domain and the inlet domain were connected through a sliding inlet interface surface that modeled the action of the valve in the experiment. The total cell count was 3.8 M, and the wall normal grid spacing was set to a y+ value less than 1. The duct and bell mouth were modeled as infinitely thin viscous walls. The unsteady valve operation at the interface between the nonrotating bell-mouth grid and the rotating duct grid was accomplished by switching between slip-wall and sliding interface boundary conditions based on grid point alignment at a given rotational position. Simulations used 100-150 subiterations with a multigrid scheme to ensure convergence. All simulations were performed in unsteady mode with a time step of 0.1 degree of rotation. In the current study, selected cases are presented to compare full 3D CFD simulation with 1D simulation and measured data. More details of the simulation study can be found in Ref. 25 .
Results and Discussion
Steady and unsteady flow experiments were performed at different rotational speeds, and the measurements were used to validate the Q1D model. The parameters used in the experiment and numerical model are listed in Table 1 .
Steady flow

Experiments were performed on three steady flow configurations: (a) closed inlet-open outlet, (b) open inlet-closed outlet, and (c) open
inlet-open outlet. The measured spanwise pressure inside the duct, hub forces, and torque were correlated with numerical predictions. The hub forces and torque arise due to external aerodynamics (profile drag on the duct) and internal flow (duct friction, change in flow direction, Coriolis acceleration), as shown in Eqs. (9):
where f is the Fanning friction factor, C d is the sectional drag coefficient of the duct (which depends on local Reynolds number), D d is the outer diameter of the duct, andṁ is the mass flow rate through the duct. Figure 11 shows the spanwise pressure for a closed inlet and open outlet duct at a rotational speed of 1050 RPM. The measured pressure at x/R = 0.97 was extrapolated to the duct outlet and was imposed as an external pressure boundary condition in the Q1D model. The full 3D CFD simulation result is also plotted for comparison. It is interesting to note that the static pressure at the outlet is about 94% of the ambient atmospheric pressure (∼ −6 kPa gauge pressure) and the full 3D CFD agrees with experiment. This is due to the interaction of the external cross-flow with the open duct outlet as observed in the 3D CFD simulation (see Fig. 12 ). With the boundary condition specified, the Q1D numerical predictions show good correlation with measurements. Figure 13 shows the spanwise and chordwise hub forces and torque measured by the load cell. The spanwise force (F x ) shows negligible change with rotor speed indicating no internal flow. The magnitude of this force is within 4 N, which can be attributed to the load cell uncertainty and rotor mass imbalance in the spanwise direction.
The chordwise force (F y ) varies with speed in a quadratic manner, indicating drag due to external flow. Under ideal conditions, the drag acting on both halves of the duct (both radial arms) would cancel out if the duct is symmetric about its axis of rotation. However, there is additional drag on one half of the duct due to placement of the pressure 032010-7 transducers and wiring, resulting in a net chordwise force on the hub. Torque shown in Fig. 13 is due to aerodynamic drag only (quadratic function of rotational speed) because there is no internal flow.
Open inlet-closed outlet. These experiments were performed with the inlet kept open and the outlet sealed with a metal cap. Figure 14 shows a comparison between the measured spanwise pressure and the Q1D numerical predictions at a rotational speed of 1050 RPM. In this case, the inlet boundary conditions were assumed to be the same as ambient atmosphere, and the outlet velocity was set as zero. The duct pressure at the closed outlet (x = R) is ∼12 kPa, which is the pressure rise due to centrifugal pumping. The hub forces and torque in this Open inlet-open outlet. For these experiments, both the inlet and the outlet were kept open. The measured spanwise pressure is compared with Q1D numerical predictions in Fig. 15 for a rotational speed of 1050 RPM. In this case, the inlet boundary condition was assumed to be ambient atmosphere and the outlet pressure was extrapolated from measurements. Gauge pressure at the most outboard sensor (x/R = 0.97) is observed to be slightly higher than zero (0.1 kPa), whereas at the quarterspan it was −9.45 kPa, which results in a total centrifugal pressure head of around 9.9 kPa in the presence of internal flow. Figure 16 shows the variation of pressure at all four locations as a function of square of rotational speed (RPM 2 /10 5 ). It can be seen that pressure at the inboard locations P1 (x/R = 0.25), P2 (x/R = 0.50), and P3(x/R = 0.75) shows a linear trend with RPM 2 . This is because pressure arising due to centrifugal pumping is proportional to the square of rotational speed. Pressure at the most outboard location P4 (x/R = 0.97) shows minimal variation with rotor speed (0.1 kPa at 1050 RPM), suggesting that pressure at the outlet is close to ambient and is dominated by the external cross-flow at the tip.
Owing to the internal flow, the spanwise and chordwise hub forces and torque are larger than in the closed inlet-open outlet case (Fig. 13) . To obtain the effect of internal flow, the forces and torque measured in the closed inlet-open outlet case were subtracted from the measurements in the open inlet-open outlet case. The measured spanwise force due to internal flow is shown in Fig. 17(a) as a function of rotational speed. The spanwise force in this case is due to internal wall friction and flow
Gauge pressure, kPa turning at the inlet. Good correlation with Q1D predictions is seen, which confirms the validity of the Fanning friction factor approximation. The measured chordwise force due to internal flow is shown in Fig. 17(b) , and the measured torque is shown in Fig. 17(c) . The chordwise force and torque arise due to Coriolis acceleration on the air flowing through the duct. The Q1D model slightly overpredicts the chordwise force (by ∼ 5-10%), but there is good correlation between the Q1D model predictions and measured torque. The additional torque due to internal flow is 65 Nm at 1050 RPM, which is 18% of the total rotor torque (due to both internal and external flow). Differential pressure measured by the mass air flow sensor at several rotational speeds is shown in Fig. 18 . As expected, a quadratic dependence on rotational speed is seen. The internal flow velocity and mass flow rate are calculated from the measured differential pressure as described in the section Calculation of Mass Flow Rate. The mass flow rate can also be estimated from the measured chordwise force without external aerodynamic drag (Eq. (9b)):
Note that this relation does not account for the interaction of the internal flow exiting the tip of the duct with the external cross-flow, which could create an additional torque on the rotating duct. However, this approach can still be used to estimate the mass flow rate and verify the measurements from the mass air flow sensor. The mass flow rate through the duct is shown as a function of rotational speed in Fig. 19 . Because the internal flow velocity increases linearly with rotational speed, the mass flow rate also has a linear dependence on rotational speed. The mass air flow sensor measurements agree well with the estimates from measured torque. At a rotational speed of 1050 RPM (tip speed = 145 m/s), the mass flow through the duct is ∼ 0.3 kg/s.
Unsteady flow
The phase-averaged static pressures, differential pressure, hub forces, and torque were measured at several rotational speeds with the inlet valve installed. The inlet valve area as a function of rotor azimuth is shown in Fig. 5 . Modified boundary conditions. Specifying a fixed outlet pressure boundary condition for the unsteady case of the Q1D model causes pressure waves to reflect from the duct outlet when the inlet valve is fully closed (azimuth 180-360 • ). This results in large time varying oscillations in spanwise pressure with a frequency equal to the acoustic resonant frequency of a closed-open duct. Therefore, an alternate formulation is developed for the outlet boundary condition. An internal grid (onedimensional) rotating along with the duct is placed inside a stationary outer boundary grid composed of several annuli of cells around the duct (Fig. 20) . In the present calculations, 20 elements were used in the 1D grid and 159 azimuthal elements were used in the nonrotating boundary grid. Two-dimensional Euler equations in the rotating reference frame are solved at all stationary grid cell centers. As the duct rotates, its outlet 032010-9 grid interface is used to compute fluxes at the duct outlet. The inner surface of the boundary grid is treated as a wall such that there is no radial flow across it, except at the duct outlet interface. At the outer edge of the boundary subdomain, ambient pressure is specified, and subsonic outflow conditions are used to obtain all necessary boundary conditions. observed. The frequency of these fluctuations corresponds to the acoustic natural frequency of the duct. Furthermore, a time delay is observed between the peaks of pressure pulses at different spanwise locations. This difference can be attributed to the time lag corresponding to information traveling from the inlet to the outlet at the local speed of sound.
The full 3D CFD prediction is also compared to the measurement. The results agrees very well with the experiment capturing the initial pressure rise with time delay and pressure drop after the valve closed around 180 deg followed by an acoustic reflection wave. The peak pressure rise and drop as well as the wave forms were also well matched. For instance, at a rotor speed of 1050 RPM, GENCAS predicts a minimum gauge pressure of −15.4 kPa (190
• azimuth) at the most outboard pressure sensor location P4, which compares well with the minimum measured gauge pressure of −16.4 kPa (196
• azimuth). The Q1D model predictions show approximately the same trend as that of experiment and CFD results, but the magnitude of pressure rise when the valve opens (azimuth 0
• -180 • ) is significantly lower. A phase difference is observed in the pressure peaks at all four spanwise locations, which corresponds to the acoustic frequency of the duct. As soon as the valve closes (azimuth around 180
• ), spanwise static pressure reaches its steady-state value corresponding to a closed inlet, open outlet case.
Also, the measurements indicate that when the valve is completely closed (azimuth 180-360
• ), pressure from the most outboard sensor is lower than ambient. This agrees well with the experimental measurements of the steady-state closed inlet-open outlet case. The same behavior is also seen from the Q1D results where pressure rises across the entire span when the valve opens, including the most outboard location. This indicates that the Q1D model with the sliding boundary grid extension can capture two-dimensional cross-flow features at the duct outlet, which may be responsible for the static pressure rise when the inlet valve opens. However, this model is not as accurate as the CFD, especially with respect to the flow features at the duct outlet. The small pressure fluctuations in the most outboard sensor (P4) occur at a frequency of 159 /rev, which corresponds to the duct grid sliding over cells of the annular nonrotating grid.
Mass flow rate. As described in the sections Signal Filtering and Calculation of Mass Flow Rate, the measured mass air flow sensor differential pressure was processed through a high-pass filter with a cutoff frequency of 300 Hz and converted to the mass flow rate. Figure 22 shows the mass flow rate through the duct as a function of azimuth for rotational speeds of 400, 800, 900, and 1050 RPM. The full 3D CFD prediction is also compared at 1050 RPM as a reference. The larger uncertainty band near zero mass flow rate arises due to the noise floor of the differential pressure measurements. The peak mass flow rate increases with rotational speed, and a peak mass flow rate of 0.17 kg/s is observed for a rotational speed of 1050 RPM. This peak unsteady mass flow rate is ∼ 60% of the steady mass flow rate (open inlet-open outlet) at the same rotational speed. The measured mass flow rate waveform and peak value agree well with the full CFD prediction, although CFD shows slightly higher initial mass flow rate before 60 deg azimuth. The initial flow entering the low-pressure duct through partially opened valve may include high complexities including recirculation, which is a typical challenge in a RANS simulation.
Summary and Conclusions
Experiments were performed on a 1.32-m-long duct rotating at speeds of up to 1050 RPM about one of its ends, with a time-varying inlet area. Hub forces and moments, spanwise internal static pressure, and mass flow rate of the internal flow through the duct were measured and used to validate two numerical models.
A fast, Q1D numerical model was developed to compute the flow inside the rotating duct. The model solves the Euler equations using a finite volume formulation with inviscid fluxes calculated using the AUSM method. Additionally, a full 3D CFD solver was used to obtain highfidelity predictions of flow inside the rotating duct. The Q1D numerical model gives a good first approximation for both steady and transient flow, at low computational cost. For this model, experimental measurements of static pressure at the duct outlet are required to specify the correct boundary conditions. However, the CFD model can capture all the flow features including the effect of external cross-flow at the outlet of the duct.
For the steady open inlet-open outlet case, there was excellent correlation between experiments and numerical results for hub forces and rotor torque due to internal flow. At 1050 RPM, the discrepancy between the measured and predicted chordwise forces and torques was ∼5%. The gauge pressure at the duct outlet obtained from experiments was close to (but not equal to) atmospheric pressure. However, for a closed inlet and open outlet case, the outlet pressure was found to be slightly less than atmospheric (94% atmospheric pressure). This dependence of duct outlet pressure on the inlet condition is critical, whereas modeling internal flow through rotors with spanwise flow. For the unsteady case, the Q1D formulation was modified to include a sliding internal grid inside a stationary outer grid. Spanwise pressure variations exhibit a decreasing amplitude with distance from inlet. A peak mass flow rate of 0.17 kg/s is observed for a rotational speed of 1050 RPM, which is around 60% of the steady-state mass flow rate at the same rotational speed. High-fidelity 3D CFD predictions showed excellent correlation with experiments for both steady and unsteady cases. In general, the Q1D model provides satisfactory predictions of the internal flow at a low computational cost and is appropriate for preliminary design cycles. For more accurate predictions of internal flow, especially in transient flow cases, high-fidelity CFD modeling is required.
For future work, the discrepancy in experimental and numerical results for the transient case needs to be addressed. Specifically, the 1D 032010-11 numerical model could be extended to two-dimensional (both spanwise and chordwise) grids to better approximate viscous forces. This extension will also be useful to capture the formation of vortical flow features inside the duct and evaluate their influence on the flow. The outlet pressure for the closed inlet, open outlet case is less than atmospheric, which suggests a more complicated flow behavior at the tip than is intuitively expected. Therefore, a more refined numerical treatment at the boundary is necessary to estimate the correct boundary conditions for the 1D numerical model, especially to predict transient flow. Flow visualization experiments could be set up to observe the dynamics of flow at the rotor tip, which would provide an insight into the interaction of spanwise internal flow with external cross-flow.
